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ABSTRACT-0-year-old tiger puffer, Takifugu rubripes, were exposed to suspensions of Heterobothrium okamotoi oncomiracidia under different conditions.
A fluorescent dye, CFSE (5(6)-carboxy fluorescein diacetate, succinimidyl-ester), was used as a mean of labeling oncomiracidia to find them with a fluorescence Microscope immediately after settlement on the host. The labeling procedure did not affect the infectivity of the oncomiracidium.
When fish were exposed to labeled oncomiracidia for 1, 3, 5 or 10 h, the settlement rate on the gills increased with increasing exposure time up to 3 h. When similarly exposed to labeled oncomiracidia of different ages (0-4 days after hatching), infectivity of the oncomiracidium decreased rapidly with increasing parasite age, and most oncomiracidia of 2 days or older failed to infect the gills. When exposed to 29, 58 and 116 labeled Oncomiracidia/ L/ fish and observed under fluorescence stereomicroscopy immediately after exposure, the settlement rates on the body surface and on the gills were not dif ferent among the 3 concentrations tested.
The settlement rate on the body surface was always higher than that on the gills, irrespective of the difference in concentration.
Thus, infection meth ods using tiger puffer and H. okamotoi oncomiracidia were standardized in terms of exposure time (3 h), parasite age (within 24 h after hatching), and parasite concentration (up to 116 oncomiracidia/ fish). CFSE-staining is suitable for the study of early stages of parasite settlement on the host fish. Many parasites have been reported in or on cultured tiger puffer, Takifugu rubripes (see Ogawa and Yokoyama, 1998) . Among them, infection with the monogenean Heterobothrium okamotoi may be one of the most serious parasitic diseases (Ogawa and Inouye, 1997a ) . The parasite was tolerant to almost all chemi cal treatments tested, and the only effective method was to treat infected fish with hydrogen peroxide (Ogawa and Yokoyama, 1998) . However, it is practically impossible to eradicate the parasite with a mere repetition of this chemical treatment.
Control methods have not yet been established.
Biological and ecological knowledge of the parasite should then be efficiently incorporated into the control strategy, but much remains to be studied on the parasite biology.
From the prophylactic point of view, it is crucially important to know how freshly hatched larvae (oncomiracidia) find the host and settle on them. No such data are available on H. okamotoi. These aspects will be analyzed through controlled experiments. Thus, the first approach to the study of oncomiracidial biology should be to determine suitable experimental conditions and to establish a standardized method for quantitative infections.
It is generally assumed that oncomiracidia directly reach the habitat, then deciliate and settle there for fur ther growth. There are a few reports about oncomi racidial settlement on the host fish. For example, settlement of the oncomiracidium of a capsalid monoge nean, Entobdella soleae, on the skin of the common sole, Solea solea, was influenced by chemicals from host skin (Kearn, 1967) . In Rajonchocotyle emarginata, a gill parasite of Raja spp., the oncomiracidium changed its swimming behavior in the vicinity of the host epithe lium, and subsequently some became deciliated and settled on the host tissue (Whittington and Kearn, 1986) . On the other hand, the oncomiracidium of Discocotyle sagittata, a gill parasite of salmonid fish, did not show any response to host mucus or to the body of the host (Paling, 1969) . In Neobenedenia girellae, a capsalid monogenean parasitizing a wide range of marine fish, its oncomiracidium showed settlement activ ity in vitro in the presence of skin extracts from several species of marine fish (Yoshinaga et al., 2000) . Thus, knowledge of oncomiracidial behavior is quite limited, and their behavioral pattern differs substantially among the species studied. Exposure to different concentrations of parasite larvae and resultant oncomiracidial settlement on host Each of 3 groups of 5 tiger puffer was exposed for 3 h to 145, 290 and 580 labeled oncomiracidia, respec tively, in 5 L of aerated seawater (Group 1-3). Immedi ately after exposure, fish were individually anaesthetized with MS-222, and settled oncomiracidia on the body sur face were observed with a fluorescence stereomicro scope. The numbers of oncomiracidia on the following separate regions of the body surface were recorded: head, anterior dorsal body, anterior ventral body, poste rior dorsal body, posterior ventral body, pectoral fin, dor sal fin, anal fin, caudal fin (Fig. 1) . Subsequently, fish were fixed in phosphate-buffered 10% formalin and then dissected.
The number and distribution of settled oncomiracidia on the gills and branchial cavity wall were also recorded within 2 days after fixation. The settle ment rate was calculated as the percentage of added oncomiracidia found attached on the fish.
Results

Labeling
with CFSE Cilia and some internal organs of oncomiracidia were stained bright green (Fig. 2a, b) . Fluorescence of labeled oncomiracidia free in the water did not reduce significantly for 5 days. On the other hand, fluores cence of formalin-fixed oncomiracidia settling on the gills was lost quickly. It was only possible to detect para sites until 1 day after exposure (data not shown). Age of oncomiracidium and infectivity Immediately after hatching, the settlement rate on the gills was 36% (Fig. 5) . As oncomiracidia aged, their infectivity decreased rapidly. Two days after hatching or longer, most oncomiracidia failed to infect the gills, but 0.58% of 4-day-old oncomiracidia maintained infectivity (Fig. 5 ).
Exposure to different concentrations of parasite suspen sions and resultant oncomiracidial settlement on host Oncomiracidia settled both on the body surface ( Fig.  6 ) and on the gills, but no parasite was found attached to the branchial cavity wall. Those on the body surface were deciliated and opened their haptor as on the gills. The number of settled oncomiracidia on the body surface was always higher than those on the gills in the 3 experiments and the settlement rates on both habitats exposed to the 3 different concentrations of parasite lar vae were not significantly different (Kruskal-Wallis test; P>0.05) (Fig. 7) . Forty-two percent of settled oncomiracidia on the body surface were concentrated on the head (Table  1) . On the other hand, no preference for a particular gill (tiger puffer has 3 pairs) ( Table 2) or for any region of the gills (Fig. 8) When fish were exposed for longer than 3 h, the settlement rates on the gills did not increase signifi cantly. Experimental fish were under stressful condi tions during exposure, and fish exposed for longer than 3h were lethargic and secreted a large amount of mucus. Accordingly, the standardized exposure time was set at 3h.
The oncomiracidium can swim for a maximum of 7 Table 1 . Number of Heterobothrium okamotoi oncomiracidia settled on different regions of the body surface of tiger puffer
Figures in parentheses represent percentages of oncomiracidia settled on each body region. Body regions: 1, head; 2, anterior dorsal body; 3, anterior ventral body; 4, posterior dorsal body; 5, posterior ventral body; 6 pectoral fin; 7, dorsal fin; 8, anal fin; 9, caudal fin. As a result, infection methods were standardized as follows: exposure time 3 h; oncomiracidial age within 24 h after hatching; 29-116 oncomiracidia/ fish. These concentrations did not affect the settlement rate within the range tested.
According to Ogawa and Inouye (1997b) , mucus scraped from the body surface of cultured tiger puffer did not contain H. okamotoi. However, because the inten sity of infection was low during their regular surveys, and parasites were not stained with fluorescent dye, recently attached parasites might have been overlooked. The oncomiracidium may possibly migrate to the gills from the body surface (Ogawa and Inouye, 1997a) . Alterna tively, after settlement on the body surface, parasites may eventually be dislodged from the body surface by the water current.
In the present studies, when oncomiracidia settled, they did not distinguish the gill from the body surface. Independent of different concentrations of oncomi racidia, approximately 30% of added oncomiracidia settled on the gills and 40% settled on the body surface and fins. There may have been some differences in the quality of mucus between the gills and body surface, but the oncomiracidium recognized the settlement-inducing substance contained both in the gill mucus and in the skin mucus. Indirect evidence suggests that oncomi racidia of polyopisthocotylean monogeneans reach the gills directly and that they do not attach first on the body surface (Whittington et al., 1999) . In this study, by labeling oncomiracidia with CFSE, it was possible to detect settling larvae in situ on the host immediately after exposure of oncomiracidia to fish. It is highly desirable to apply this labeling technique to oncomiracidia of other polyopisthocotyleans to discover whether attachment on the body surface of the host is a special feature of H. okamotoi or more widespread.
Tiger puffer stay under the sediment, especially at night time, with their eyes, part of dorsal surface and dor sal fins exposed to the water (Fujita, 1988) . It is assumed that most H. okamotoi oncomiracidia reach the gills passively through the respiratory currents created by the host. On the other hand, the body surface is well protected from oncomiracidial settlement by the sur rounding sand. If this is the major way of infection for the oncomiracidium in natural waters, the parasite might not have developed a special route of invasion from the body surface.
It is important to know the fate of oncomiracidia of H. okamotoi attached on the body sur face.
The number of oncomiracidia settling on the head or dorsal body surface was considerably higher than that on the ventral body surface. The oncomiracidium of H. okamotoi swims in a downward direction (Ogawa, unpublished data) . This may be the major reason for this biased settlement pattern on the host. This swim ming characteristic of the oncomiracidium is probably favorable to the parasite, since positive geotaxis may enhance the chances of the parasite encountering the host fish, which leads a benthic life in the natural envi ronment (Fujita, 1988) .
Parasites on the gills were located on the basal region of the gill filaments at 7 days after exposure, and later moved to the distal region (Ogawa and Inouye, 1997 c) .
In the present experiments, however, this movement was not detected.
There are two possible interpretation of these different results.
First, in the experiments of Ogawa and Inouye (1997c) they may have migrated from the original locations to the basal region of the gill filaments within 7 days of settlement. Secondly, in the present experiment, 0-year-old fish were used, while Ogawa and Inouye used 1-year-old fish. Difference in fish size might cause different results. It is likely that the respiratory water current of the larger fishes was stronger than that of the smaller fishes, and they may have led to a concentration of lar vae on the basal region of the gill filaments. 
